The spoilage potential of eight bacterial groups/species (Serratia spp., Hafnia alvei, Brochothrix thermosphacta, Carnobacterium maltaromaticum, Shewanella baltica, Lactococcus piscium, Photobacterium phosphoreum, "other Enterobacteriaceae" [containing one strain of Moellerella sp., Morganella sp. and Pectobacterium sp.]) isolated from spoiled raw salmon fillets stored under modified atmosphere packaging (MAP) was evaluated by inoculation into sterile raw salmon cubes followed by storage for 12 days at 8 °C. Microbial growth and sensory changes were monitored during the storage period. The dominant spoilage bacteria were C. maltaromaticum, H. alvei and P. phosphoreum. In order to further characterize their spoilage potential and to study the effect of their interactions, each of these 3 specific spoilage organisms (SSO) and two mixed-cultures, C. maltaromaticum/H. alvei and C. maltaromaticum/P. phosphoreum were tested in the sterile salmon model system using a combination of complementary methods: molecular (PCR-TTGE), sensory, chemical and conventional microbiological analyses. It was concluded that, in the mixed-culture inoculated samples, the dominant species determined the spoilage characteristics. The volatile fraction of P. phosphoreum inoculated samples was analyzed by solid-phase microextraction (SPME) followed by gas chromatography coupled to mass spectrometry (GC-MS). Among the specific volatile compounds present on P. phosphoreum spoiled inoculated samples, acetic acid was correlated with sensory analysis and can be proposed as a raw salmon spoilage marker.
Introduction
Modified atmosphere packed (MAP) fresh fish is increasingly popular in Europe and widely sold by supermarkets as a chilled ready-to-use product. This type of packaging increases the shelf life of seafood products by inhibiting many microorganisms, including Gramnegative aerobic bacteria (Gram and Huss, 1996; Sivertsvik et al., 2002) , and also makes transport and distribution easier. The spoilage microbiota of a packaged food product depends on the endogenous microflora present on the products, with post-harvest processing, the packaging method (MAP, vacuum, aerobic, etc.) and storage temperature being among the most important parameters (Sivertsvik et al., 2002) . Some studies concerning Atlantic salmon (Salmosalar) or King salmon (Oncorhynchustshawytscha) under MAP have been carried out to determine changes in quality during storage or to propose some technological features to improve shelf life (de la Hoz et al., 2000; Fletcher et al., 2002; Sivertsvik et al., 2003; Hansen et al., 2009; Schirmer et al., 2009) . In these studies, the changes in microbial parameters, such as total flora, Enterobacteriaceae, and Lactic Acid Bacteria (LAB), were usually monitored during storage but the detailed composition of the microbiota has been less investigated. Rudi and colleagues (Rudi et al., 2004) reported Carnobacterium maltaromaticum, Carnobacterium divergens and Brochothrix thermosphacta as the dominant flora in salmon fillets packed in an atmosphere consisting of 60% CO 2 and 40% N 2 while another study (Powell and Tamplin, 2012) explored microbial communities found on Australian MAP Atlantic salmon fillets and reported a domination of Carnobacterium spp. and Shewanella spp. together with a variety of other genera present in small numbers after 15 days of storage. Our recent study (Macé et al., 2012) of salmon steaks stored under vacuum or MAP (50% CO 2 and 50% N 2 ) identified different dominant bacterial groups or species at the time of spoilage, including members of LAB (Lactococcuspiscium), Gram-negative fermentative bacteria (Photobacterium phosphoreum) and Enterobacteriaceae (Serratiaspp.).
At the onset of spoilage, the product contains some bacteria that are involved in spoilage, the so-called specific spoilage organisms (SSO), and others which grow without causing unpleasant changes (Gram and Huss, 1996; Dalgaard, 2000; . These SSO may be present in low numbers initially and only constitute a small fraction of the processed seafood microbiota at the beginning of the storage period. To identify the SSO among the bacterial groups present at the time of spoilage, some authors have compared the impact of bacterial isolates on the chemical and sensory characteristics of the products with those of naturally spoiled products. These experiments enabled the spoilage potential of microorganisms to be determined, i.e. their ability to produce metabolites resulting in offodours or off-flavours (Dalgaard, 2000; Gram and Dalgaard, 2002; Dalgaard, 2006) .
In the present study, a similar approach was used to identify the SSO dominating MAP stored raw salmon (Salmosalar) fillets. Clearly, improving knowledge of the SSO for specific seafood products will lead to the development of better detection methods, shelf life predictions, and preservation techniques thus reducing losses due to spoilage (Dalgaard, 2000) .
Microorganisms in seafood products can interact in several ways including antagonism, where a selective advantage is created for some of the microorganisms, and metabiosis, which describes the reliance by an organism on the metabolic activity of another microorganism to produce a favourable environment to stimulate growth (Gram and Huss, 1996; Dalgaard, 2006) . This suggests that interactions between dominant bacterial species may play a role in spoilage.
In order to identify the SSO for MAP stored raw salmon (Salmosalar) fillets, a two-step approach was taken: first, the ability to spoil was investigated for eight different bacterial groups previously isolated from spoiled salmon fillets; secondly, the spoilage potential of the bacterial groups found to be the strongest spoilers in the previous screening was further characterized. The inoculation challenge tests were conducted in an ionized sterile raw salmon model system by monitoring bacterial and sensory changes throughout the storage period. To investigate the interaction among spoilage bacteria, binary cultures combining two of the main spoilage bacteria were inoculated into the salmon model system and characterized by molecular (PCR-TTGE), sensory, chemical and conventional microbiological analyses. Volatile microbialmetabolitescan cause the formation of spoilage off-odours Olafsdottir et al., 2005; Wierda et al., 2006; Jaffrès et al., 2009) . These volatiles may be useful as quality indicators as they will be related to the number of SSO present in the product. In order to try and identify a suitable MAP raw salmon spoilage marker, the volatile fraction released by the dominant P.phosphoreum isolates inoculated on raw salmon was analysed by solid phase micro-extraction (SPME) and gaschromatography coupled to mass spectrometry (GC-MS).
Materials and Methods

Bacterial strains
All strains tested in this study were previously isolated from 3 batches (A, B or C) of raw spoiled salmon fillets under MAP. These three batches were obtained from à local plant after packing.The samples were stored at 4°C for 3 days then at 8°C for 7 days after a break of 2 hours at 20°C, according to the EU shelf life protocol. Sensorial analysis and enumeration of bacterial groups were performed during storage after 8 and 12 days on each batch following protocol described by Macé et al (2012) . At the onset of spoilage (determined sensory analysis panellists), strains were isolated from batch C after 8 days and from batch A and B after 12 days of storage. Isolates were maintained as frozen stocks at -80°C in a cryoprotective medium containing glycerol (20%). Strains MIP 2415 and MIP 2418 were isolated previously from spoiled salmon during another research project. All strains were identified by 16S rRNA gene partial sequencing of about 700 bp (data not shown) and found to belong to different genera or species distributed in eight different bacterial groups: Serratiaspp., Hafniaalvei,B. thermosphacta, C. maltaromaticum, Shewanellabaltica, L. piscium, P. phosphoreum, "other Enterobacteriaceae" (containing one strain ofMoellerellasp., Morganellasp.andPectobacteriumsp.) . Each group was represented by several isolates of the same species (from 2 to 6 depending on the group) except the "other Enterobacteriaceae" group which was composed of 3 different species (Table 1) .
Challenge tests
2.2.1. Sampling for preliminary characterization of spoilage potential Raw salmon flesh cubes (7 kg) were prepared from fresh salmon (Salmosalar) fillets essentially following the protocol of Joffraud and colleagues (Joffraud et al., 1998) . The fish were washed in 5% Na 2 CO 3 to remove outer slime. After removing the head and tail, the skin surface and gut cavity were washed again in 5% Na 2 C0 3 and 2% formalin. The fish were hand-filleted and skinned using knives and cutting boards sanitized in chlorine solution before being rinsed in 1% chlorinated water. Finally, fillets were rinsed with sterile water and cut into cubes taking between 1 and 2 cm 3 . These were packed under vacuum in 1 kg bags, frozen at -80°C and sterilized by ionization treatment (gamma rays, 5 KGy) at the Ionisoscompany (Pouzauge, France). The sterilized matrix was kept at -80°C until the start of the experiments and thawed at 4°C for 24 h before commencing the experiments. Strains were pre-cultured individually in brain heart infusion broth (BHI) (Difco Laboratories, Detroit, MI, USA) at 20°C (15°C for P.phosphoreum) until their maximal concentration was reached (1-3 d). Mixtures of several isolates belonging to the same species were pooled in a sterile vial and diluted in sterile peptone water (0.85% NaCl and 0.1% peptone), in order to achieve an inoculation mixture containing 5 Log (CFU.mL -1 ). Two mL of each inoculation mixture were sprayed onto a batch of approximately 750 g of sterile raw salmon cubes placed in a laminar flow hood to reach an inoculated level of 3 Log (CFU.g -1 ). A control was prepared by inoculating the sterile salmon matrix with sterile water. Each batch of inoculated salmon cubes and the non-inoculated control salmon cubes were placed in 3 plastic trays, each containing ~250 g portions (one for each analysis date), and packed under modified atmosphere (50% CO 2 and 50% N 2 ) using a Multivac T 200 machine (Hagenmüller, Wolfertschwenden, Germany) and a low gas permeability film (low density polyethylene, LDPE, LINPAC Plastics, permeability: O 2 < 5 cm .24 h.bar). All batches of inoculated salmon cubes and the control were stored at 8°C for 12 days. Sensory, chemical and microbiological analyses were carried out after 1, 7 and 12 days.
Sampling for further characterization of spoilage potential
Raw salmon flesh cubes (Salmosalar) sizing between 1 and 2 cm 3 were prepared from fillets (21 kg) in the same conditions as previously described. For this part, 3 strain groups, C. maltaromaticum, H. alvei and P. phosphoreum, determined as being the main spoilers by the first challenge test, were inoculated singly or in co-cultures. The two binary cultures consisted of one mix with C. maltaromaticum and H. alvei and another with C. maltaromaticum and P. phosphoreum. Cultures were diluted as previously described, mixed and inoculated (10 mL) on approximately 3500 g of sterile raw salmon cubes to achieve initial levels of 3 Log (CFU.g -1 ). A non-inoculated control was also prepared. Each different batch of inoculated salmon cubes and the control salmon cubes were divided into 15 plastic trays (around 233 g portions) and packaged as described before. All batches of inoculated salmon cubes and the non-inoculated control were stored at 8°C for 11 days. After 1, 4, 6, 8 and 11 days, samples were subjected to sensory, chemical and microbiological analyses.
Enumeration of inoculated strains
At each sampling date of the preliminary characterization, one packet of the different batches was used for microbiological analysis. A 30 g portion was aseptically weighed and pooled in 120 ml of sterile peptone water (0.85% NaCl; 0.1% peptone) in a sterile plastic bag and blended with a stomacher 400 (Seward Medical, London, UK) for 2 min. Several appropriate 10-fold dilutions of the analysis solution were carried out in sterile physiological saline solution and 0.1 ml of each was spread-plated. Inoculated isolates were enumerated on Brain Heart Infusion Agar medium (BHI). Petri plates were kept at 20°C for 2-5 days.
For the further characterization of the spoilage potential, three packets of the different batches were used, at each sampling date, for microbiological analysis. From each package, a 10 g portion was aseptically weighed and the three portions were pooled, treated and enumerated as described previously. For co-cultured groups, the species were distinguished on BHI plates by their morphological differences.
Sensory analysis
Panel
Sensory analysis was carried out with internal panel of IFREMER, experienced in seafood evaluation and especially in salmon (Macé et al., 2012) . Preliminary sessions were organized with 21 panellists before to start the experiment. Three sessions were focused on odour description with a range of products stored at +4°C for different time (0, 8 and 12 days) in order to present different levels of spoilage. Panellists were asked to describe the odour characteristics and after a step of selection for discriminative and relevant descriptors, a discussion with the panel members allowed to check a consensus on attribute definition. Two other sessions were organized to train the panel on the scoring of these attributes. A third session was focused on harmonization between panellists on the level of spoilage attributed to the same kind of products during the description step. The training step was also completed with regular sniffing of odour references already identified as odours potentially produced during the spoilage process. Finally, 14 trained panellists, selected according to their sensory capacities participated to the experiment, 9 for the preliminary characterization of the spoilage potential and the 14 for the further characterization step.
Sampling preparation
For the preliminary characterization of spoilage potential, one packet per batch was opened for each assessor while three packets per batch were used for further characterization. For each assessor, 25 g portions were placed in glass bowls with lids to keep the odours intact. The following tests were used to sort the species initially by their spoilage potential. Panellists classified each sample according to its spoilage level (NS: non-spoiled; LS: lightly spoiled; SS: strongly spoiled) and chose two main characteristic odours among the following descriptors: marine/iodine, nothing, fatty fish, salmon, sardine, grass, butter/caramel, pyrrolidine, acid/vinegar, sour/fermented, amine, cabbage and feet/cheese. The sensory descriptors were selected during preliminary sessions.At the end of the evaluation, the products were considered strongly spoiled when at least 50% of the assessors classified them as such.
2.4.3.2.Further characterization of the spoilage potential
A quantitative descriptive analysis (QDA) described by Stone and Sidel (2004) was used to determine sensory profile (ISO, 2003) for each salmon product inoculated with each species and co-cultured species. First, panellists had to score on a continuous scale from 0 to 10, the spoilage level and then the following appropriate odour descriptors: overall intensity, fatty fish, butter/caramel, acid/vinegar, sour/fermented, amine, pyrrolidine and feet/cheese. These descriptors were those considered pertinent during the preliminary characterization of spoilage potential.
Evaluation conditions and sample presentation
Sessions were performed in individual partitioned booths, as described in the procedure NF V-09-105 (AFNOR, 1987) , equipped with a computerised system (Fizz, Biosystèmes, Couternon, France). All the samples were frozen after microbiological analysis and were assessed during 3 sessions for preliminary characterization of their spoilage potential and during 5 sessions for further characterization. Inoculated products were assigned digit numbers, randomized and presented simultaneously to the panellist after 1 hour in an oven at 18°C. Frequencies of citation were calculated for odour characteristics in the preliminary characterization of spoilage potential. Principal component analysis (PCA) with standardization was performed on the means of the scores for each sensory descriptor and spoilage intensity. Multivariate data processing was carried out with UniwinPlus 6.1 software (Sigma Plus).
Chemical analysis
These analyses were only performed in the further characterization stage. At each sampling date, 150 g of raw inoculated salmon flesh was homogenized in a Waring Blender (New Hartford, CO, USA). From 100 g of the homogenized milling, Total Volatile Basic Nitrogen (TVBN) and Trimethylamine (TMA) were measured in duplicate by the Conway micro diffusion method (Conway and Byrne, 1933) . The pH value was measured with a pH meter (Mettler Delta, AES, Combourg, France) in the five-fold-diluted flesh prepared as described above for microbiological analysis.
Analysis of volatile compounds
During further characterization of spoilage potential, at day 1 and day 8, volatile compounds produced by the non-inoculated control sample and the P. phosphoreum inoculated sample were analysed using a gas chromatography device, model GC 7890A, Agilent (Agilent Technologies, Santa Clara, USA) coupled with a mass spectrometer 5975C VL (Agilent) and flame ionization detector after solid-phase microextraction (SPME/GC−MS-FID). The extraction and injection processes were performed automatically using an autosampler MPS 2 (Gerstel, Mülheim, Germany). Briefly, a 5-g portion of salmon sample was weighed into a 20-ml vial with a polypropylene screw-on cap and a PTFE/silicone septum (Supelco, Bellefonte, PA, USA) to make it airtight. The vial was heated at 40°C for 40 min to equilibrate the system. The SPME fibre, 85 μmcarboxen/polydimethylsiloxane Stable Flex™ (Supelco), was inserted through the septum and exposed in the headspace of the vial for 30 min, to allow absorption of the volatile compounds onto the SPME fibre. This was then introduced into the injector port of the gas chromatograph for 5 min in splitless mode, set at 280°C, in order to desorb the volatile compounds. The desorbed components were analysed on a capillary column Agilent J&W DB-5ms (30 m length×0.25 mm internal diameter×0.5 μm film thickness). Helium was used as carrier gas with a flow of 1.3 ml/min and the oven temperature was programmed as follows: 40°C for 5 min, then ramped at 3°C min −1 to 140 °C, then ramped at 6°C min −1 to 240°C, and held for 5 min. Molecules of volatile compounds were detected by FID and a mass selective detector. The detector operated in a mass range between 33 and 300 with a scan rate of 2 scans/s. Compounds were identified by comparison of mass spectra with a reference database (Wiley 6.0), and by comparison of mass spectra and linear retention indexes (LRI) with those of standards injected in the same conditions. Mean values of samples peak areas were compared by analysis of variance to identify specific spoilage volatile compounds. ANOVA processing was performed with StatgraphicsPlus 5.1 software (Statistical Graphics Corp.). Data were reported as log (peak area/g) for each specific compound detected.
TTGE analysis on co-cultured inoculated samples
2.7.1. Direct bacterial DNA extraction from the salmon matrix inoculated with mixed groups
The suspension prepared for bacteriological analysis was used to obtain molecular fingerprints from the salmon matrix inoculated with co-culture strain groups. Bacterial DNA extraction was performed as described previously (Macé et al., 2012) .
TTGE analysis
Bacterial DNA from the salmon inoculated matrix was analysed by PCR-TTGE. Primers V3P2 and V3P3-GC-Clamp were used to amplify V3 region (194 bp) PCR-amplicons as described previously (Jaffrès et al., 2009) . The size of the PCR products was determined in a 1.5% (w/v) agarose gel (Invitrogen) using an exACTGene 100 bp PCR DNA Ladder (Fisher Scientific, Illkirch, France). The PCR products obtained from the V3 16S rDNA fragment amplification were subjected to TTGE gel analysis, which was performed as previously described by Jaffrès et al. (2009) . Standardization, analysis and comparison of TTGE fingerprints were monitored using BioNumerics Software, version 6.0 (Applied Maths NV, Sint-Martens-Latem, Belgium) as described by Macé et al(2012) .
Results
Preliminary characterization of spoilage potential
3.1.1. Enumeration of the different bacterial groups At the end of storage, all the bacterial groups rose to levels ranging between 6.6 (P. phosphoreum) and 9 Log (CFU.g -1 ) (C. maltaromaticum).
Sensory characteristics of inoculated raw salmon
After 1 day of storage, inoculated samples were considered non-spoiled by 66.7% to 89% of the panellists, depending on the bacterial group inoculated (Table 2 ) except for the sample inoculated with L. piscium which was scored as lightly spoiled by 55.6% of the panellists. At day 7, the spoilage of inoculated samples had increased and samples inoculated with 3 bacterial groups, H. alvei, C. maltaromaticum or P. phosphoreum, were considered strongly spoiled by 66.7 to 100% of the panellists. After 12 days of storage, 5 samples inoculated with B. thermosphacta, the "other Enterobacteriaceae"group, H. alvei, C. maltaromaticum or P. phosphoreum were assessed as strongly spoiled whereas the one inoculated with L. piscium, S. baltica or Serratia spp. remained lightly spoiled. The ionized control sample was not considered spoiled during all the storage period.
After 7 or 12 days of storage, the inoculated batches exhibited different typical characteristic odours. For each bacterial group, the main sample off-odours, as noted by at least 3 panellists, were acid, amine, butter, cabbage, fatty fish, feet/cheese, pyrrolidine and sour (Table 3 ).
Bacterial isolates belonging to H. alvei, C. maltaromaticum and P. phosphoreum were responsible for the strongest spoilage odours observed after 7 days and were considered to be the main spoilage bacteria in the product. Hence, their spoilage potential was subjected to further characterization.
Further characterization of the spoilage potential
Spoilage potential of single-species groups
The results of viable counts of inoculated salmon samples with the 3 different bacterial groups and the 2 co-cultures are shown in Figure 2 . The ionized control presented a bacterial count under the threshold of 0.7 Log (CFU.g -1 ) throughout the storage and was thus considered a sterile matrix. It can be noted that the control sample was scored "non-spoiled" during all the storage with grades between 0 and 1 (Fig. 3) . The principal component analysis (PCA) presented in Fig. 4 was performed on the mean scores of profiling tests and synthesises the evolution of the main odour characteristics for inoculated samples. The simultaneous projection of samples and sensory descriptors is shown on the first 1-2 plane (Fig. 4 A) . The first axis (62.9% of the information) enables the spoilage level of each sample to be visualized. It divides the typical odours of freshness, on the left, of non-spoiled products from the spoiled samples, on the right, around salmon typical off-odours with amine, sour, feet/cheese, etc. The second axis, representing 16.5% of information, enables the visualization of samples presenting the same spoilage characteristics. All the control samples, from day 1 to day 11, are on the left part of this figure, surrounding the unspoiled inoculated samples, and presented a slightly fatty fish odour characteristic of freshness Concerning the inoculated samples, C. maltaromaticum counts (Fig. 2 A and B) were initially 3 Log (CFU.g -1 ) and reached 8.9 Log (CFU.g -1 ) after 11 days of storage. The sample spoilage level began to increase from 6 days of storage to reach a maximum of about 5.6 at the end of storage (Fig. 3) and exhibited mainly butter and feet cheese odours after 8 and 11 days of storage (Fig. 4 A) . No TVBN production was induced by C. maltaromaticum compared to the control (Fig. 5 A) and only a small amount of TMA (7.8 mg-N TMA 100 g _1 ) was produced at the end of storage (Fig. 5 B) .
P. phosphoreumand H. alvei were inoculated at around 2 Log (CFU.g -1 ) ( Fig. 2 A and B) . A rapid growth was observed for P. phosphoreum, reaching more than 6.5 Log (CFU.g -1 ) after 4 days of storage. On the 8 th day, a decrease of between 4 and 5 Log (CFU.g -1 ) was noticed followed by a rise to 6.8 Log (CFU.g -1 ) after 11 days. These samples obtained the sensory spoilage grade of 7 on day 4 and stayed strongly spoiled throughout the storage period (Fig.  3 ). Samples were characterized by sour, amine and acid odours from day 4 which remained until the end of storage (Fig. 4 ). An increase in TVBN and TMA production was observed during storage with a maximal level of 38 mg-N TVBN 100 g -1 and 21 mg-N TMA 100 g -1 , respectively, at the end of storage (Fig. 5) .
The H. alvei group reached its maximum growth level after 11 days of storage with 8.3 Log (CFU.g -1 ). It showed a different spoilage profile compared to the others: the samples were considered unspoiled until the 6 th day of storage, lightly spoiled after the 8 th day with a grade of 3 and strongly spoiled with a grade of 6 after 11 days of storage. The typical pyrrolidine odour of samples spoiled with H. alveiis underlined by the third axis (11.2% of information) on Fig. 4 B. At their time of spoilage (day 11), the samples exhibited an increase in TVBN production of 51 mg-N TVBN 100 g -1 and the final production of TMA was about 14 mg-N TMA 100 g -1 .
The P. phosphoreum group, considered the most spoiling bacterial group tested in this work, was included in the volatile compound research by SPME/GC-MS-FID. Approximately thirty components were identified in the sample tested. Statistical treatment was used to compare the non-inoculated control sample stored 1 and 8 days, newly P. phosphoreum inoculated sample (1 day of storage) and spoiled P. phosphoreum sample. Hence, twelve compounds exhibiting a specific behaviour on the spoiled sample tested were determined (Table 4) . Ten of these were only detected in samples spoiled by P. phosphoreum: isobutyraldehyde; acetic acid; ethyl acetate; butanal, 2-methyl; butanal, 3-methyl; 1 propanol-2 methyl; 3-methyl-2-butanol; benzaldehyde; benzene acetaldehyde; benzene ethanol. 3-hydroxybutanone (acetoin) production was very slightly increased in P. phosphoreum samples after 8 days of storage compared to the three other samples (p < 0.05). Antioxidant BHT presented a slight decrease in the P. phosphoreum spoiled samples (p < 0.05).
Spoilage potential of mixed-species groups
In the presence of P. phosphoreum, C. maltaromaticum growth was inhibited from day 6 (compared to the monoculture) and its count reached only 7.6 Log (CFU.g -1 ) at the end of storage (Fig. 2 A) . On the other hand, P. phosphoreum in co-culture presented the same typical kinetics as when alone in the matrix. Samples inoculated with P. phosphoreum and C. maltaromaticum gave the maximum production of TVBN and TMA (about 52 mg-N TVBN 100 g -1 and 24 mg-N TMA 100 g -1 ) observed among all the samples tested in this study (Fig.  5 ). Samples inoculated with P. phosphoreum and C. maltaromaticum were quickly strongly spoiled and presented the same spoilage behaviour as P. phosphoreum single-species samples (Fig. 3) . Sour, amine and acid odours were also characteristic of these samples (Fig. 4 A) .
The bacterial concentration of C. maltaromaticumin co-culture with H. alvei was similar to that previously described for the single species. However, H. alvei growth was slightly inhibited and reached about 7.2 Log (CFU.g -1 ) in the presence of C. maltaromaticum (Fig. 2  B) . C. maltaromaticum and H. alvei co-culture inoculated products did not exceed 32 mg-N TVBN 100 g -1 and 10 mg-N TMA 100 g -1 (Fig. 5) . These samples presented the same spoilage kinetics as C. maltaromaticum alone and the same characteristic odours of butter and feet/cheese at the end of storage (Figs. 3 and 4 B) .
TTGE analysis enabled visualization of microbiota dynamics by examining fingerprints of the dominant bacterial groups evolving during storage (Fig. 6 ) in co-culture inoculated samples. In order to analyse the TTGE patterns, fingerprints of the different samples were compared with those of pure isolates involved in each bacterial group: C. maltaromaticum, H. alvei, and P. phosphoreum. In fact, these species are present in different seafood products and some of them have already been studied by PCR-TTGE in our laboratory (Macé et al., 2012) .Concerning P. phosphoreum and H. alvei, several pure isolates were used for assignation because their TTGE profiles present several different bands.
No strain patterns were visualized in any of the samples after 1 day of storage (data not shown). C. maltaromaticum and P. phosphoreum co-culture TTGE patterns are shown in Fig.  6 A. By comparing band migration positions, C. maltaromaticum was assigned 3 salmon samples after 6, 8 and 11 days of storage. P. phosphoreum typical bands were visualized in 4 samples, from 4 days until the end of storage. In C. maltaromaticum and H. alvei co-culture samples (Fig. 6 B) , the C. maltaromaticumband was assigned to the samples from 4 to 11 days. Weak bands corresponding to H. alvei patterns could be observed in samples D6, D8 and D11.
Discussion
In this study, we determined the spoilage potential of eight bacterial groups previously isolated from naturally contaminated spoiled salmon batches and inoculated onto an ionized raw salmon matrix. A mix of at least 2 strains per species was used in most cases to avoid a strain effect that which is commonly described for spoilage bacteria (Stohr et al., 2001; Joffraud et al., 2006; Laursen et al., 2006) .
In the preliminary characterization of spoilage potential, only five bacterial groups of the eight tested were considered strong spoilers after 11 days of storage at 8°C: C. maltaromaticum, B. thermosphacta, P. phosphoreum, H. alvei and "other Enterobacteriaceae". All bacterial isolates present on naturally contaminated spoiled salmon are not involved in spoilage, which is in accordance with the SSO concept (Dalgaard, 2000; Gram and Dalgaard, 2002) .
For each 3 single-species group tested in further characterisation step, spoilage of the inoculated sample started after the exponential stage and at the beginning of the stationary phase of growth in accordance with typical SSO behaviour (Gram and Huss, 1996; Dalgaard, 2000; Gram and Dalgaard, 2002) . This was observed after 4 days for P. phosphoreum, 8 days for C. maltaromaticum and 11days for H. alvei,respectively. According again to SSO concept, bacterial growth should be about 6 or 7 Log (CFU.g -1 ) to allow enough spoilage metabolite production. However, despite its weak growth after 7 days of storage (4 Log (CFU.g -1 ) presented in Fig. 1 , P. phosphoreum appeared very spoiling. This could be explained following a more precise monitoring of P. phosphoreum growth during the further characterization of spoilage potential. In fact, as seen in Fig. 2 A, P. phosphoreum presented a very fast growth on the matrix and then a decline at about 8 days of storage (both in mono-and in co-culture).This typical growth behaviour may have occurred during the preliminary characterization of spoilage potential: P. phosphoreum could have reached a sufficient growth to spoil the product between days 3 and 7. Moreover, the low bacterial count obtained at day 7 (Fig. 1) was probably observed during the growth decline.
P. phosphoreum has been identified as an SSO responsible for trimethylamine (TMA) production and spoilage of marine fish (Dalgaard et al., 1993; Dalgaard, 1995; Dalgaard et al., 1997; Hovda et al., 2007; Reynisson et al., 2009 ) and notably of raw salmon (Emborg et al., 2002; Hansen et al., 2009 ).This was confirmed in this work.P. phosphoreum inoculated samples presented amine and sour off-odours, also described for naturally contaminated spoiled salmon under MAP (Emborg et al., 2002; Hansen et al., 2009; Macé et al., 2012) . Moreover, we have also underlined the strong spoilage potential of some Enterobacteriaceae like H. alvei and other isolates of the "other Enterobacteriaceae" group. These bacterial groups were already known as cold-smoked salmon spoilers (Jorgensen et al., 2000; Joffraud et al., 2001 ) and also as a biogenic amine producer in cold-smoked salmon for H. alvei (Jorgensen et al., 2000) but, to our knowledge, their spoilage abilities have never been demonstrated in raw salmon.Pyrrolidine odours with slightly sour odours were noticed on H. alveiinoculated samples and mixed species group "other Enterobacteriaceae" produced a typical cabbage odour.
C. maltaromaticum and B. thermosphacta are known as dominant bacteria in raw salmon (de la Hoz et al., 2000; Rudi et al., 2004) and present spoilage ability on several seafood and meat products (Mejlholm et al., 2005; Vermeiren et al., 2005; Laursen et al., 2006; Afzal et al., 2010; Jaffrès et al., 2011) . C. maltaromaticum samples also presented butter and feet/cheese off-odours Feet/cheese and/or butter odour were also noticed for this species during shrimp and cold-smoked salmon spoilage Jaffrès et al., 2011) . B. thermosphacta samples were characterised by a sour odour like it has already been demonstrated for inoculated shrimp samples (Jaffrès et al., 2011) Although S. baltica and Serratiaspp. belong to two genera well known for their spoilage ability on other products like, respectively, fresh fish (Gram and Dalgaard, 2002) , coldsmoked salmon (Stohr et al., 2001) , shrimp (Jaffrès et al., 2011) or meat products (Borch et al., 1996; Ercolini et al., 2009; Schirmer and Langsrud, 2010; Doulgeraki et al., 2011) , here they were considered moderate spoilers.Acid odour combined with a mix of spoilage odours like sour, feet/cheese and amines were found in S. baltica inoculated samples and pyrrolidine odours in Serratia samples. It can be noticed that pyrrolidine odour should be characteristic of some Enterobacteriaceaebecause it has been produced by Serratia spp. and H. alvei.
The L. piscium group, producing butter odours like the other LAB tested here C. maltaromaticum , was here considered as low spoilers in accordance with several studies on seafood (Matamoros et al., 2009; Fall et al., 2012) . However, in a recent study, L. piscium isolates were involved in meat spoilage (Rahkila et al., 2012) . These results confirm the fact that spoilage potential is dependent on the bacterial species, strain and food matrix (Stohr et al., 2001; Joffraud et al., 2006; Laursen et al., 2006) .
Among the five spoiler bacterial groups, three were considered stronger regarding their speed of spoilage: P. phosphoreum, C. maltaromaticum and H. alvei. Their spoilage potential was thus studied alone or in combination using a multi-parameter approach to investigate any interaction between species in terms of growth, chemical changes and sensory evolution. This type of approach has already been used in several works on cold-smoked salmon (Truelstrup Hansen, 1995; Jorgensen et al., 2000; Joffraud et al., 2006) . Growth differences were found between bacteria in co-culture or alone in the matrix. C. maltaromaticumseemed to be slightly inhibited by the presence of P. phosphoreum with a decrease of about 1 Log (CFU.g -1 ). TTGE analyses were used to visualize the dominant group evolution during storage and confirmed the bacterial count results (Fig. 6) . P. phosphoreum bands were observed earlier than C. maltaromaticum profiles on the matrix (from day 4), confirming its dominance. In contrast, in previous studies dealing with coinoculation challenges on cold-smoked salmon,P. phosphoreum was weakly inhibited by C. piscicola or C. divergens (Jorgensen et al., 2000; Joffraud et al., 2006 ).
In the presence of H. alvei, C. maltaromaticum was not inhibited; no difference in count level was observed alone or in co-culture. In this case, H. alvei exhibited a lower growth in the presence of C. maltaromaticum. Inhibition of H. alvei strains by LAB, notably C. divergens, has already been demonstrated (Jorgensen et al., 2000) . Concerning TTGE analysis, C. maltaromaticum dominated the samples during storage with intense bands visible from day 4 to the end. Very weak bands assigned to H. alvei were observed from day 6 and confirmed the bacterial count results obtained previously.
This study highlights the interaction between major spoilage microorganisms of raw salmon samples. Several types of bacterial interaction may be involved, such as antagonism or metabiosis. Antagonistic interaction during spoilage has been shown in a number of studies and several ways can be used to inhibit microorganisms, such as bacteriocin production (Metaxopoulos et al., 2002) , competition for nutrients (Gram and Melchiorsen, 1996) or changes in environmental conditions (pH decrease due to organic acid production) (Malakar et al., 1999; Russo et al., 2006) . In our experiments, microorganism growth also resulted in a limited pH decrease. Once again, each single group inoculated sample presented a different pH fall while for co-culture samples the dominant group imposed its behaviour. C. maltaromaticum presented the largest drop in pH (0.4 units) among the species tested but this acidification is not sufficient to play a role in the inhibition of H. alvei. It is also important to mention that no clear Jameson effect was observed for any of the bacteria in this work, contrary to what has been described in several other studies, in particular when lactic acid bacteria are present (Ross et al., 2000; Giménez and Dalgaard, 2004; Fall et al., 2010) .
We demonstrated here that growth inhibition is co-culture dependent. In fact, C. maltaromaticum was an inhibitor in one case (in the presence of H. alvei) and inhibited in the other (in co-culture with P. phosphoreum).
Our study also shows that the spoilage kinetics and off-odours released from co-culture samples corresponded to those of the dominant species. For example, the samples inoculated with the P. phosphoreum and C. maltaromaticum co-culture showed the same spoilage behaviour as those with P. phosphoreum alone. In both cases, amine and sour odours are present and have already been associated with naturally contaminated MAP spoiled cod (Dalgaard et al., 1993) or spoiled salmon (Emborg et al., 2002; Fletcher et al., 2002; Macé et al., 2012) . Amine odours can be linked to P.phosphoreum TMA production which displays amine and ammonia-like odours in several fishes (Dalgaard et al., 1997) . Moreover, C. maltaromaticum spoilage kinetics and sensory characteristics were found on the samples inoculated with this species and H. alvei. Contrary to (Laursen et al., 2006) study which observed a particular odour formed when C. maltaromaticum and B. thermosphacta were co cultured.
TVBN and TMA production were higher in the samples inoculated with both P. phosphoreum and C. maltaromaticum, suggesting a stimulation of their production and probably a metabiotic behaviour (Jorgensen et al., 2000; ). On the contrary, H. alvei produced the maximum TVBN level at the end of storage when it was alone on the matrix. This concentration was significantly reduced in the samples co-cultured with C. maltaromaticum, which could partially be due to the slight growth inhibition of H. alveibut probably also to metabolic variations when the two bacterial species are grown together. The modification of bacterial metabolism in co-cultures has been described in several studies as metabiosis and is frequently involved in spoilage mechanisms (Jorgensen et al., 2000; . For example, (Jorgensen et al., 2000) demonstrated that the spoilage activity and biogenic amine production of H. alvei was enhanced in the presence of LAB. In vacuumpacked meat, the production of putrescine was enhanced when Enterobacteriaceae were cocultured with some LAB isolates (Dainty et al., 1986) .
During the last few years, several studies have shown a correlation between spoilage volatile compound release and the development of specific microbial species during storage of seafood like shrimp (Chinivasagam et al., 1998; Jaffrès et al., 2011) , fish (Olafsdottir et al., 2005; Wierda et al., 2006) , and cold-smoked salmon (Jonsdottir et al., 2008) and during meat storage (Ercolini et al., 2009; Ercolini et al., 2010; Ercolini et al., 2011) .
One of the aims of this study was to investigate the volatile compounds produced by the dominant spoilers, P. phosphoreum, to determine spoilage indicators. There are several possible origins for these volatile metabolites and, although it is difficult to attribute them to a specific pathway, some hypotheses can be made. Several volatile compounds have already been described in amino-acid degradation: butanal, 2-methyl; butanal, 3-methyl and 1 propanol-2 methyl. 3-hydroxybutanone is an interesting compound resulting from microorganism glycogen catabolism Laursen et al., 2006) . Ethyl acetate and acetic acid are also known to be produced in different metabolic pathways ).
3-hydroxybutanone and acetic acid have already been proposed as spoilage markers of Pacific raw salmon (Oncorhynchustshawytscha) (Wierda et al., 2006) and have been detected as compounds contributing to cold-smoked salmon spoilage (Jonsdottir et al., 2008) . Moreover, an increase in 3-hydroxybutanone during spoilage has been described in MAP beef meat (Ercolini et al., 2011) and in spoiled cod fillets where it was related to P. phosphoreum growth (Olafsdottir et al., 2005) . However, in this study, 3-hydroxybutanone production was very slight and so this compound was not chosen as a marker. The production of acetic acid by P. phosphoreum inoculated into salmon juice and cold-smoked salmon block has previously been determined by an enzymatic method (Truelstrup Hansen, 1995) . In our study, among all the specific compounds detected, acetic acid is the one that could be linked to a sour odour (Fenaroli, 2001 ) described for the sample spoiled by P. phosphoreum. This suggests that this compound could be an interesting spoilage marker for raw salmon.
Obviously, as it has already been demonstrated, a comparison between volatile compounds and sensory data indicates that it is probably the combination of different compounds rather than a single one which can affect the sensory profile of meat and seafood products (Laursen et al., 2006; Ercolini et al., 2010; Jaffrès et al., 2011) . Overall, the P. phosphoreum strain group tested in this study can be considered a spoilage agent of raw salmon through the production of active odour molecules during MAP storage.
Conclusion
The results of these challenge-test studies show that, within eight bacterial groups associated with raw salmon spoiled fillet stored under MAP, three species were determined as fast and strong spoilers: C. maltaromaticum, H. alvei and P.phosphoreum. Their assessment alone or in co-culture, using multi-parametric approach shows that P.phosphoreum dominate the spoilage. Indeed P. phosphoreum seems to have the highest potential to cause rapid and strong spoilage and to be a raw salmon SSO.All the more, metabolites produce by this bacterium like TMA and acetic acid leads to amine and sour odours which are typical of several naturally spoiled MAP salmon and other fish. Moreover, this work has contributed to characterizing the spoilage potential of bacterial species in association and to underline the interactions between them. Further investigations are needed to understand the mechanism involved in these interactions to have a better comprehension of natural spoilage and, in the future, to develop techniques to reduce product losses. . Fingerprints and dynamics of co-cultures inoculated on raw salmon during storage at 8°C for 11 days. Digitized TTGE profiles of 16S rRNA gene V3 regions obtained by PCR amplification from bacterial DNA of 4 co-culture samples (day 4, day 6, day 8, day 11 corresponding to lanes D4 to D11) from 2 different mixed cultures: C. maltaromaticum with P. phosphoreum (A) and C. maltaromaticum with H. alvei (B) stored at 8°C for 11 days. Bands "c" have been assigned as C. maltaromaticum (A and B), bands "p1-p6" as P. phosphoreum (A) and bands "h1-h4" as H. alvei (B) by comparison with pure strain profiles. 
